Abstract-This paper provides a preliminary battery assessment mechanism to address the hypothetical ECO-America EV Challenge. Several battery parameters are discussed in relation to pack needs, in addition to vehicle and environmental considerations. An evaluation method is provided, with a vision based on success and a metric for battery evaluation for the ECO-America Challenge.
INTRODUCTION
This paper examines the factors which must be considered in electric vehicle design through the use of a hypothetical electrical vehicle endurance race. The hypothetical event is based on a cross-continental all-electric vehicle endurance race, starting at 12pm February1, 2014 in Fairbanks, Alaska and proceeding through an all-terrain course which concludes in Rio Gallegos, Argentina. This nonstop event will require participants to provide a two-passenger all-electric vehicle with a maximum GVW of 4000 pounds. 220 Volt, 30 Amp, 60 Hz recharging stations will be provided at intervals not to exceed 250 miles along the course route. Recharging time counts toward total race time (no grace). Up to 50% (cumulative) of the original vehicle battery may be replaced over the course of the race. Awards will be based on total completion time or a weighted scale of completed distance and time in the event no vehicles complete the course. This examination includes an analysis of requirements, including electrical technologies, vehicular factors and environmental concerns for the race.
The three types of chemistries pursued for automotive applications are Lead Acid, Nickel Metal Hydride, and Lithium Ion chemistries [25] Lithium battery technology has become more prevalent, in a multitude of uses ranging from consumer electronics to personal transportation [26] . Lithium battery technology has gained interest due to the reduced weight, better energy characteristics, and better power characteristics [27] and [28] . This paper will focus only on lithium ion battery technology.
A review of the pertinent issues involving the battery, vehicle, and environmental factors is presented in this paper. Based on the identified concerns, an evaluation method is developed to identify adequate battery technologies for usage in this event. The vision guiding the evaluation is presented, as well as the metric used for quantifying the appropriateness of a battery candidate. A series of additional tests for the battery pack system are presented as well, to go above manufacturer testing data to assure functionality.
Considering that design changes are an ever present factor, five scenarios are presented that would require modifications to the proposed evaluation method, in the event race requirements change or additional information is released. Each scenario is explained as to why modification is necessary.
II. REVIEW OF BATTERY, VEHICULAR, AND ENVIRONMENTAL FACTORS INFLUENCING EVALUATION

A. Battery Concerns
The physical attributes of battery technologies are mentioned first. The weight of the battery cells should be a consideration [1] .
The energy density of the battery technology should be another big concern for the GVW constraint, as this relates to weight [1] . The power density of the battery, ability to supply high levels of current for short duration, should be considered [1] . The limits cell geometry can present to the construction of battery subpacks and pack system must be examined for a systematic design [1] . Given the differences between battery technologies, there is a need to determine the extent and complexity of the battery pack as a system and the need for a systematic approach [2] .
The results of overcharge conditions, including the severity and danger from such an event, should be considered [1] . An examination of the charging method for the battery technology would have to be both understood and feasible [1] . To this end, the effect internal temperature has on chemical reactions in the battery must be factored into the analysis [3] .
The effects and causes of battery aging need contemplation. As reported by Pichler, factors such as temperature, c-rate, and the amount of SoC swing during operation can impact aging [4] . Both calendar life and cycle life performance need examination in battery selection. Control of depth-of-discharge, temperature control, SoC swing, discharge profiles, need to be well understood and control strategies in place during operation to ensure the optimal performance and life cycle of the battery [4] .
A complete analysis of the failure modes and the consequences of the failures must be identified, from a system level [2] . The likelihood of thermal runaway in a battery must be well thought-out [5] . Essentially, failures are due to internal or external causes [6] . Internal causes can range from malformed leads, problems with the internal windings, or contaminant matter in the windings. Pack failures are often attributable to one cell having an internal failure and generating heat. The excess heat, now in the pack, causes nearby cell separators to disintegrate and results in catastrophic shorting. External causes are usually mechanical deformation or fire. Mechanical deformation refers to a dent in the cell casing. Unfortunately, user sabotage is another cause of failure [6] .
B. Vehicle Concerns
Safety would have to be a paramount concern from the context of a vehicle. Safety, as defined in ISO26262, is the freedom from unacceptable risk [7] . The types of safety devices, current fuse, thermal fuse, overcharge and overdischarge, need significant consideration for usage in any system for function, robustness, and protection [8] .
It is hopeful that a crash is avoided during the race; however this worst case scenario needs consideration to enhance safety. The battery pack(s) need to be away from the crumple zones of the car used for the endurance challenge [9] . As shown by [9] , the placement of the battery pack(s) need to emulate a fuel tank, as they are not located in the crumple zone of the car and need protection during an impact [9] . Additionally, the design of the pack may need fuses that emulate an airbag, so that when an impact is detected the fuses are opened to eliminate any high voltage contact or earth faults with the metallic body and/or frame parts [9] . The design of the battery pack and electrical cabling must remain structurally sound after an impact [9] .
The need for and the extent of control using a battery management system (BMS) would be another consideration for the vehicle. Typical BMS systems are composed of a main controller unit and a monitoring unit(s) [7] . The main controller unit processes data gathered by the monitoring unit and provides communication to other vehicle systems [7] . An assessment of the types of algorithms that will be needed for battery vehicle interactions will need examination [2] . The monitoring unit is responsible for cell measurements, such as voltage, current, temperature, and cell balancing [7] . Bonfiglio identifies four key roles of a BMS: protection, vehicle interface, control of battery operation, and diagnostics [7] . Protection includes short circuit or fault detection, temperature monitoring, and mitigating overdishcarge and overcharge conditions [7] . Diagnostics would handle short detection and determining the battery health [7] . The vehicle interface would control power contactor operation, data logging, and communication between the BMS and other systems [7] . Finally, battery operation would be concerned with determining state-of-charge and state-of-heath, cell balancing, and electrical measurements of the battery system [7] . Some vehicle systems may require some over-engineering and redundancy techniques. For example, Bonfiglio reports overcharge and underdischarge detection should have redundant communication paths to main controller unit and redundant measuring schemes, so a single failure does not disable detection capabilities [7] . Certainly, this could apply to other critical systems.
The driver of the vehicle should be provided sufficient performance information to operate the vehicle in an appropriate and efficient manner [18] . The vehicle should have an appropriate instrument cluster to provide the driver with information regarding State-of-Charge for power management and range maximization. Also, the driver should receive training to understand how an EV will behave and operate differently than a vehicle with an internal combustion engine [18] .
Composite materials are commonly used in the aerospace industry and automotive industry [19] and [20] . The reduction in weight can present energy savings [20] . [19] shows the benefits of using composite materials in the locomotive industry. The benefits of composite materials are reduced weight, strong, durable, and are aesthetically pleasing [19] . The use of composites would offer weight savings in the endurance electric vehicle, even if they were used only for the body [21] . This would help to counteract the weight of the batteries, with respect to GVW. Additionally, the weight savings through the use of composites could reduce the structural and performance needs of the suspension, brakes, and allow for a smaller electric motor [22] .
The design would also need to factor in the rolling resistance and air drag of the vehicle, when considering the size of the motor [23] . These resistances, in addition to inefficiencies in the motor, electrical connections, and the motor controller system, would need factored into the overall efficiency of the vehicle [23] . The type of motor used would also need consideration [23] . Whether the motor is an AC or DC motor must be considered, and the cost benefits examined. Also, the decision must be made to use hub-in motors or a motor coupled to a drive train [24] and [25] . The benefit with using a hub-in motor would be reduced weight by eliminating drive train components.
C. Environmental Concerns
A significant concern is how the vehicle, dependent on the battery pack, will perform in temperature extremes and the relationship to useable range must be examined [10] . The effect of humidity on the battery and electronics would need consideration [11] . Additionally, the change of air pressure, considering the elevation changes that are possible, and the potential affect on the battery needs some study [11] .
Another environmental concern involves the actual course that the vehicles are scheduled to run on, which must consider whether gravel/dirt or paved roads are used. Obviously, certain roads are going to present more strenuous conditions, such as excessive dust and vibration. Finally, the toxicity of the materials used in battery construction should be considered and their impact on the environment [1] .
III. PROPOSED EVALUATION METHOD
A. Vision
Overall, the vision for evaluation of battery technologies for the Eco-Car event is a qualification. Batteries shall be judged on inherent attributes and how well these attributes adhere to engineering design and specifications. The goal is to select, in the best manner possible, the most appropriate and logical battery technology to ensure safety, reliability, performance, success, and durability given the conditions the battery will be subjected to. The study should be impartial to remove bias and determine to true rankings of a candidate for the given task. The developed method is intended to guide several research teams to produce viable and effective results. This is an opportunity to showcase, to a global audience, the power and the capabilities of electric vehicles. Additionally, the successful outcome of the vehicle developed would provide market and business opportunities for the company. Therefore, the goal is to provide success.
For example, Semerie presents a research project that showed space capabilities of lithium-ion batteries in geosynchronous satellites in France's STENTOR (Satellite de Telecommunications pour Experimenter les Nouvelles Technologies en Orbite) [12] . The project involved a feasibility study to show a lithium-ion battery could power a 2 kW satellite and to prove reliably that a 15 kW to 30 kW satellite could be powered with a product that is basically off of the shelf, i.e. the STENTOR battery. The author presents the testing procedures and results from the validation phase of the STENTOR program, as well the STENTOR battery architecture. This project has shown how lithium-ion batteries have applications in space [12] . The example shows how a good evaluation allows the best candidate to emerge for a task, even in the harsh environment of space.
B. Evaulation Method
The evaluation of battery candidates will focus on commercially available technologies, due to ease of access, reduced cost, and time.
Evaluation will consist of a preliminary identification phase, candidate examination, and additional testing that is discussed in Section IV. The preliminary identification phase will look for commercially available battery technologies that are on the market for purchase. Resources, such as the Advanced Automotive Battery Consortium, the Handbook of Batteries, and academic and industrial research presented at conferences and in journals, are recommended for this initial search. Additionally, contacting current battery manufacturers is another recommended approach, to get data on the battery technology and production status.
Promising battery technologies will then be selected as candidates for the candidate examination phase. The candidate examination phase will evaluate the batteries based on ten parameters, identified in the following section, as a quantifiable scoring metric for the appropriateness of the candidate. At this time, the top candidate will be considered for the final phase. The final phase will involve additional testing, at the pack level, to determine which of the remaining candidates are suitable for use.
C. Metric for Evaluation
The ten parameters used for evaluation are presented in Table 1 . The parameters are ordered from most important to least important with the associated weighting. The score for each parameter will be based on conformance to design specifications developed for the parameter, once the vehicle design and demands are developed.
Energy density and consequences of failure are ranked in the top priority category. Energy density will be a critical function of performance, weight, and range, therefore this is one of the highest weighted parameters. The consequence of battery failures is the second highest, due to safety concerns. This parameter can include: puncture test results, short circuit test results, and results and likelihood of thermal runaway [5] and [12] . Toxicity and Endof-Life Uses
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The four parameters that are ranked in the second priority range are cycle life, aging and capacity fade resistance, cell geometry, and system complexity. These parameters are still important to consideration of the battery, but have less effect on performance and safety. The battery would be cycled very heavily during the event; therefore good cycle life is important. Given the heavy and constant cycling, the battery must have some robustness against aging and capacity fade. Cell geometry will determine pack construction and can incur costs if geometry types are limited and/or cause added complexity in the pack design. Greater system complexity will definitely increase cost.
The third priority category is comprised of battery robustness, BMS complexity, charging complexity, and toxicity to the environment. The robustness of the cell type can include crate, calendar life, vibration resistance, the effect of temperature, the effect of humidity, and the effect of SoC swing. Obviously, a more robust cell will require less maintenance and endure harsher conditions more effectively. The complexity of the BMS is another factor that can increase cost. However, if the higher priority parameters are met with high BMS complexity, this is an acceptable trade-off. Related to the previous is charging complexity. Since the event will provide charging stations, charging must conform to the methods provided. The final parameter considered is the toxicity to the environment and end-of-life uses. It is ecologically responsible to choose a battery solution that is less harmful to the environment and/or can have other uses once the useable life is gone. However, this cannot overrule safety, performance, and range.
IV. PROPOSED TESTING PROCEDURES ABOVE MANUFACTURER SUPPLIED DATA
The proposed testing procedures to be conducted in-house are based on the assumption that pack construction will be handled in-house. It is assumed that cells and BMS systems will be acquired and implemented into a battery pack by company engineers and technicians. It is also assumed that testing data on the cells will be provided by the battery supplier, which can include but not limited to: calendar life testing, cycle life testing, puncture tests, discharge and charge testing, and short circuit testing. Given that cells are the only material acquired; this will result in the need to build battery packs. Additionally, the assumption is testing data for a pack is not available. Discharge and charge tests will be needed to determine pack characteristics. Based on this assumption, the following test procedures are provided to ensure battery pack performance and safety.
A. Submersion Test
An important test for battery packs is a submersion or dunk test [13] . This test is intended to check how waterproof a pack is and if any leaks are present. This could easily be performed in house with the proper testing and safety equipment.
B. Vehicle Crash Test
As mentioned earlier, the crumple zones in the vehicle are important to protect the battery packs and electrical cabling [10] . Therefore, a crash test of the vehicle is recommended to determine what effect impacts will have on the battery system and electrical system.
C. Thermal Characteristics of Battery Pack
Another important test would be examining the thermal characteristics of a battery pack [14] . The test would look at the internal temperatures of the pack, during drive cycle testing or charge and discharge testing, to determine the need for thermal management and any hotspots that were unforeseen [14] .
D. Drive Cycle Testing
Drive cycle testing would try to emulate the charge and discharge characteristics that a battery pack would experience during operation [13] . With the given information from the press release, a drive cycle would have to be created to reflect an anticipated course, since that information is not available. A pack or several packs would need to be cycled to look for anomalies and/or premature failure. Obviously, a more accurate drive profile better reflecting the course would increase the accuracy of this test [13] .
E. Pack Structure Abuse Resilence
This test would examine the structural integrity of the battery pack structure and protection offered to the cells. The types of tests included are electrical, mechanical, and thermal testing [15] . This would look at the extremes of each of these conditions to determine the resultant effect on the structural integrity and operation of the pack.
F. Failure Modes Analysis
Another proposed test is a failure modes analysis of the battery pack. Swart et al. provide a good investigation methodology; this procedure is lithium-ion battery centric and involves both destructive and non-destructive testing [16] . The method is as follows: record data about the conditions of the failure, record identifying information about the equipment involved, examine the system wide damage for patterns, and preserve the evidence for future testing [16] . Non-destructive testing of the actual batteries can include cell weight measurements, cell electrical measurements, examination for exothermic incidents, x-rays, and CT scans. Destructive testing involves a disassembly of one or more battery cells [16] . Therefore, any of the mentioned methods, resources and time allowing, could provide insight as to what to expect in the event of failure.
V. EXAMPLE SCENARIOS REQUIRING ALTERATIONS TO PROPOSED EVALUATION METHOD
Any additional information, technical requirements, course profiles, and/or other relevant data may require modifications to be made to the evaluation process. The proposed evaluation method was based off of the available information presented in a press release. However, any new developments must be considered to ensure a safe, robust, and accurate evaluation method to guarantee the best design possible.
A. Details about the course, terrain conditions, and environmental conditions
The initial hypothetical press release indicated the race will start in Fairbanks, Alaska in February and will end in Rio Gallegos, Argentina. Therefore, environmental and terrain extremes can be anticipated. In Alaska, mountainous, steep grade roads can be expected, in addition to cold weather. In Argentina, hot weather and humid conditions can be expected. However, the description of the actual route of the course is not discussed.
If more specific details, such as anticipated road grades, temperature extremes, etc. were officially stated, this must be considered in the evaluation of the battery pack and the vehicle. Other locations on the route may include extremes that are not found in Alaska or Argentina.
B. Allowance or Prohibition of Regenerative Braking
The usage or prohibition of regenerative braking technology would have to be a consideration in the battery pack and subsequent battery management system. Essentially, this would result the power density of the battery re-evaluated, in regard to taking the current produced by regenerative braking [17] .
C. Allowance or Prohibition of Thermal Management Techniques
The requirement or prohibition of thermal management technology would also have to be considered in the evaluation of the battery pack. More specifically, if passive techniques were mandated or active techniques were mandated, the battery pack must be re examined.
Additionally, the allowance of certain types of thermal management may allow for the use of different types of batteries.
D. Requirement of High Power cell types or High Energy cell types
The current press release does not detail technical specifications regarding the battery system. If a determination that high power or high energy types of cells are required, the evaluation process needs to reflect the change. High energy cells are geared to attain the maximum energy density for optimal driving range, typically in pure EV applications [17] . High power cells can deliver more power for short durations, and receive power via regenerative braking, which are typically used in HEVs [17] .
This builds upon the unknown of regenerative braking to the effect the allowance or prohibition of regenerative braking could have on the battery structure. Clearly, the type of battery must adhere to the system, given the power requirements and additional technologies employed, in the most optimal fashion. Therefore, the type of cell, power or energy, must be considered if additional information is presented.
E. Details about the charging method used in the provided charging stations
Certain battery technologies require, or at least work better with certain charging methods, as shown by Shafiei et al. [1] . At present, no technical data is available about the charging station or the method employed to recharge the vehicle battery system. If new information was released about the charging station, i.e. more technical details, then the evaluation method would have to place more emphasis on matching the battery system to the charging system.
VI. CONCLUSION
This paper has provided a path forward to address the hypothetical competition of the ECO-America EV Challenge. A review of technical considerations was discussed regarding battery technologies, vehicle parameters, and environmental concerns. A proposed method was detailed that would allow research teams to systematically select battery candidates that meet the vehicular design needs and specifications. In addition, five company conducted tests to further assess the applicability of potential battery packs were provided. In the event that more information was provided by ECO-America, whether course information or technical requirements, five scenarios were described that may require modifications to the evaluation method.
